1. Introduction
===============

To the best of our knowledge, obstructive sleep apnea syndrome (OSAS) is an entity with prevalence 2% to 5% in middle-aged adults, and it may be undetected for patients without definite diagnoses. OSAS patients usually snore loudly and have excessive daytime sleep and insomnia; there are several risk factors for OSAS, including male sex, obesity, thick neck, and upper respiratory tract abnormality, according to the literature.^\[[@R1]\]^ OSAS is characterized with intermittent apnea and upper airway collapse during sleep. Recurrent airway interference triggers hypoxia, hypercapnia, and intrathoracic pressure changes that consequently affect autonomic, hemodynamic, humoral, and neuroendocrine regulation.^\[[@R2]\]^ The clinical standards for OSAS diagnosis are overnight polysomnography (PSG) and American Association of Sleep Medicine (AASM) criteria using the apnea--hypopnea index (AHI). The severity of OSAS is graded as mild (AHI \< 15), moderate (15 ≤ AHI \< 30), or severe (AHI ≥ 30). Hypoxemia will cause cardiovascular morbidity and mortality such as by stroke, hypertension, and heart failure.^\[[@R3]\]^ Ocular manifestations of OSAS include floppy eyelids; retinal vascular tortuosity and congestion; papilledema; non-arteritic ischemic optic neuropathy; and normal tension glaucoma (NTG) have been illustrated.^\[[@R4]--[@R9]\]^

Glaucoma is a wide-spectrum disease with progressive vision deterioration, and is one of the leading causes of blindness in the world.^\[[@R10]\]^ The mechanism of hypertensive glaucoma is complex; the conventional theory is that the aqueous auto-regulation dysfunction leads to increase of intraocular pressure (IOP). In contrast, for NTG with normal IOP, there is a theory of mechanism that abnormal ocular blood flow induces optic nerve dysfunction; the autonomic nerve system and circadian rhythms may play a role in glaucoma.

Although a mainstay of NTG treatment is lowering IOP to preserve the function of the optic nerve, half of cases still result in disease progression under IOP control after long-term follow-up.^\[[@R11]\]^ The pathomechanism is still unknown for glaucomatous optic nerve change with irreversible vision loss. At present, monitoring and managing glaucoma is a crucial and challenging issue.^\[[@R12]\]^

In 2000, Onen et al used a questionnaire and published a retrospective study without performing PSG, showing that a high incidence of POAG was found in sleep-disorder breathing. Recent studies using PSG for evaluation of OSAS severity have shown that there is a higher prevalence (around 20%), with most having NTG with retinal nerve fiber layer (RNFL) defects, among OSAS cases. Patt et al first illustrated defective endothelial function in OSAS microcirculation with subcutaneous vascular tissue.^\[[@R13]\]^ Lin et al have demonstrated through optical coherence tomography (OCT) that RNFL decreases in OSAS among Asian populations.^\[[@R14]\]^ More advanced, Yu et al have demonstrated that in an optical coherence tomography angiography (OCTA) study of OSAS, the vessel density (VD) decreases in parafoveal and peripapillary areas, and is further correlated with the severity of OSAS.^\[[@R15]\]^ Beyond illustrating structural changes measured with OCTA, whether the impact of vascular dysfunction on ocular microcirculation of the optic nerve and macular area is related to vision dysfunction awaits clarification.

Both NTG and OSAS are chronic progressive neurovascular diseases that may be confounded with vision deterioration during long-term care by physicians. Therefore, in our study, it is first essential to identify and evaluate the correlation of ocular microcirculation with OCTA and visual function through visual field examination of NTG in OSAS.

2. Materials and methods
========================

This is a retrospective, cross-sectional, hospital-based observational study. In total, there were 53 OSAS cases enrolled in our study. According to the Helsinki Declaration of 1975 (1983 revision), this study via chart review was performed and was approved by the Institutional Review Board of Chang Gung Memorial Hospital, Keelung, Taiwan. Demographic data, including the severity of OSAS, duration of OSAS, and other systemic diseases, was documented. By examination with overnight PSG, the severity of OSAS was graded according to the AHI and defined as the total number of apnea and hypopnea incidents occurring per hour of sleep. Although OSAS was graded as normal to mild (AHI \< 15), moderate (AHI = 15 to \<30), or severe (AHI ≥ 30),^\[[@R16]\]^ in our study, we used categories of mild (AHI \< 15) and moderate/severe (AHI ≥ 15) to analyze the ocular manifestation in OSAS. In addition to AHI, oxygen desaturation was measured with a subcutaneous finder pulse oximeter and scored as oxygen desaturation index (ODI) as acquired from the PSG test. All participants first were diagnosed with OSAS and then had the ocular examination accordingly within 6 months.

In general, ocular examination was the best-corrected visual acuity (BCVA); slit-lamp biomicroscope; gonioscopy; IOP measured with applanation tonometer; axial length checked with biometry (IOLMaster; Carl Zeiss, Jena, Germany); and indirect ophthalmoscopy for the fundus. Related ocular findings and ocular surgery history were also documented. For structural evaluation of the optic nerve and macular area, the OCTA imaging system (AngioVue; Optovue, Inc, Fremont, CA) was used to measure blood flow, and split-spectrum amplitude-decorrelation angiography (SSADA) was performed. The imaging system uses an 840-nm superluminescent diode and has an A-scan rate of 70,000 scans per second. Parameters were recorded in detail, based on version A2016.2. 0.35. The default settings for the en face retinal image were superficial vascular layer: 3 μm below internal limiting membrane (ILM) to 15 μm below inner plexiform layer (IPL); and deep vascular layer: 15 μm below IPL to 70 μm below IPL. The macular area scanned was 3.00 × 3.00 mm.

There were two settings for en face disc imaging. The "Nerve head" mode was used to calculate the peripapillary VD of capillaries, from top of image to retinal pigment epithelium (RPE), and the "RPC" mode was used to calculate the VD, from ILM to posterior boundary of retinal nerve fiber layer (RNFL). The optic disc image was analyzed, with an area 4.5 mm in diameter.^\[[@R17]--[@R19]\]^ In addition, the summary of parameters of OCTA, including RNFL analysis, ONH analysis, and ganglion cell complex (GCC) analysis, were recorded and analyzed.

NTG was defined as normal IOP (IOP lower than 21 mm Hg) with open angle and glaucomatous optic neuropathy. Regarding objective quantification of the visual function for OSAS, standard automated perimetry (SAP) (Humphrey Field Analyzer II; Carl Zeiss Meditec, Dublin, CA) was collected. For categorization of all OSAS participants, the perimetric group was defined with NTG as the study group. Enrolled cases with glaucomatous VF damage were reported as glaucoma hemifield test (GHT) outside normal limits, or PSD was significant at *P* \< 5%. And with a cluster of three or more adjacent points in typical glaucomatous locations, all of which were depressed on the pattern deviation plot at a *P* \< 5% level, and one of which was depressed at a *P* \< 1% level in at least two consecutive plots. Participants with GHT within normal limits were classified as the control group. In this study, we recorded both mean deviation (MD) and pattern standard deviation (PSD) of SAP for analysis of the severity of visual field defect.

Exclusion criteria were ocular hypertensive history, including primary open angle glaucoma (POAG) and primary angle-closure glaucoma (PACG); non-arteritic anterior ischemic optic neuropathy; arteritic anterior ischemic optic neuropathy; optic neuritis; diabetic retinopathy; hypertensive retinopathy; or other maculopathy. Low reliability of VF exam (≥33% fixation losses, ≥10% false-positives, and ≥10% false-negatives) and signal strength index \<50 of OCTA were excluded in this study.

For comparison of demographic data between groups, we analyzed via the chi-square test. To compare the continuous variables of OCTA and VF data between groups, the independent sample *t* test was used. In addition, we analyzed the relationship between paired data for SAP and OCTA using Pearson\'s correlation coefficient. *P* values of \<.05 were considered statistically significant. Statistical analyses were performed using SPSS software, version 20.0 (SPSS, Inc, Chicago, IL).

3. Results
==========

In our retrospective study, there were a total of 53 cases enrolled; all had PSG performed in the same sleep center. At first, to identify the impact of severity of OSAS, we compare the groups with mild (AHI \< 15) (n = 14) and moderate/severe OSAS (AHI ≥ 15) (N = 39) in ocular microcirculation and visual function accordingly. The demographic data for mild and moderate/severe OSAS is listed in Table [1](#T1){ref-type="table"}. Via the PSG test, AHI and ODI were significantly higher in the moderate/severe group than in the mild group (Table [1](#T1){ref-type="table"}). Age, gender, body mass index (BMI), and duration of OSAS diagnosis history were not significantly different between the mild and moderate/severe groups. Neck circumference was larger in the moderate/severe OSAS (39.87 ± 3.62 cm) group, illustrating that thicker necks were found in comparison to the mild OSAS group (37.61 ± 3.43 cm) (*P* = .047). Among ocular characteristics, ocular axial length with moderate/severe OSAS was significantly shorter than that with mild OSAS (20.97 ± 10.05 mm vs 25.08 ± 1.74 mm, *P* = .02). The other ocular characteristics, such as IOP or central corneal thickness, made no difference.

###### 

Demographic data of patients with OSAS.
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In comparison of ocular microcirculation characteristics with aid of OCTA between mild and moderate/severe OSAS, the peripapillary superficial VD (RPC) was 60.11% vs 57.05%, and whole VD (NH) was 57.61% vs 54.58% (*P* = .06, *P* = .02, respectively) (Table [2](#T2){ref-type="table"}). Peripapillary whole-layer microcirculation, in terms of VD NH, was significantly lower with moderate/severe OSAS. In comparison to mild OSAS, RNFL thickness decreased in moderate/severe OSAS, though it was not significant. Macular area VD of the superficial and deep layers with the whole image decreased, though this was not significant (*P* = .38, *P* = .12). However, the GCC thickness demonstrated significant decreases in moderate/severe cases (Table [2](#T2){ref-type="table"}).

###### 

Ocular characteristics of OSAS.

![](medi-99-e19468-g002)

For comparison of visual function, we recorded the visual field and conducted analysis. With moderate/severe OSAS, MD was −2.79 ± 2.94, lower than with mild OSAS (−0.79 ± 1.80), and PSD was 4.14 ± 2.59, higher than with mild OSAS (1.55 ± 1.72) (*P* = .02, *P* = .001, respectively). Visual function was significantly worse in moderate/severe than in mild OSAS, according to the SAP result (Table [2](#T2){ref-type="table"}).

As the next part of our study, we classified the participants based on SAP results. There were 27 cases in the perimetric group as NTG with glaucomatous change, and 26 nonperimetric cases as the control. Comparing the demographic data of the two groups, age, gender, BMI, and OSAS duration were similar (Table [3](#T3){ref-type="table"}). BMI was higher in the perimetric group, though this was not significant. A novel finding is that neck circumference was greater in the perimetric group, and that this was significant (38.40 cm vs 40.11 cm, *P* = .047). According to the PSG data, the AHI of the perimetric group was significantly higher than the control group (31.554 vs 45.389, *P* \< .001, *t* test). In the perimetric group, there were 15 moderate and 10 severe OSAS cases, therefore, high prevalence of OSAS who had AHI ≥ 15 of was noted (92.6%) and there were 8 cases (29.6%) with continuous positive airway pressure (CPAP). The data demonstrated more severe OSAS in the perimetric group. Parallel with AHI, the severity of oxygen desaturation during sleep also revealed severe hypoxia, with higher ODI in the perimetric group (39.93 vs 29.09, *P* \< .001, *t* test). In comparison of visual function, the SAP was significantly different between the two groups: visual field MD (−0.7 ± 1.75 vs −3.77 ± 2.84, *P* \< .001) and visual field PSD (2.01 ± 1.58 vs 4.85 ± 2.72, *P* \< .001) (Table [4](#T4){ref-type="table"}).

###### 

Demographic data of perimetric and nonperimetric group of OSAS.
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###### 

Comparison of ocular characteristics of perimetric and nonperimetric groups.
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Furthermore, the structural changes from ocular microcirculation for both peripapillary and macular area were analyzed with the aid of OCTA. There were parameters measuring different layers regarding peripapillary VD of the capillaries: "Nerve Head," scanning the whole retinal layer, and "RPC,", scanning the superficial retinal layer in OCTA, were analyzed (Table [4](#T4){ref-type="table"}). In the perimetric group, these two parameters for superficial-layer (VD RPC) (56.06 vs 59.72%, *P* = .01) and whole retinal layer (VD NH) (53.67 vs 57.16%, *P* = .002) illustrated peripapillary capillary dropout more severe than in the control group. Peripapillary RNFL thickness and GCC thickness also demonstrated significant thinning in the perimetric group (*P* \< .001, *P* = .001, respectively).

In addition to the peripapillary area as the OCTA setting, the superficial and deep-layer VD in the macular area showed more significant capillary dropout in the perimetric group (*P* = .02) than in the control group (*P* = .006). To summarize, for both the peripapillary and macular area, the capillary dropout was significantly diminished in deep and superficial retinal layer measurement with OCTA, in both groups. Our study also demonstrated the parallel results of RNFL and GCC thinning of NTG in OSAS.

For the entire group of participants evaluated with PSG, we would like to further elucidate the relationship between demographic data related to severity of OSAS and visual function and parameters of ocular microcirculation assessed through OCTA measurements. After analysis with Pearson correlation for this paired data, AHI and ODI via PSG did not correlate to VD RPC, VD NH nor VF MD, VF PSD.

As structural optic nerves change based on OCTA measurement, the correlation to visual function based on VF in OSAS was analyzed as well (Table [5](#T5){ref-type="table"}). Among the OSAS with normal IOP, VF PSD negatively correlated with VD NH (*r* = −0.36, *P* = .007) and VDRPC (*r* = −0.33, *P* = .02). VF MD was positively correlated with VD NH (*r* = 0.30, *P* = .03), but not correlated with VD RPC (*r* = 0.22, *P* = .11). Therefore, VD NH had significant correlation with both VF PSD and VF MD. Additionally, VF MD and VF PSD were also correlated with RNFL, as shown in the scatter plot (Fig. [1](#F1){ref-type="fig"}). As for correlation between peripapillary VD and macular area VD, VDRPC and VDNH also positively correlated with deep MVD (*r* = 0.36, *P* = .007; *r* = 0.39, *P* = .004) and GCC (*r* = 0.38, *P* = .005; *r* = 0.40, *P* = .003), but not significant in superficial MVD (*P* = 0.37, *P* = .17) (Fig. [2](#F2){ref-type="fig"}).

###### 

Pearson\'s coefficient correlation of ocular microcirculation and visual function in OSAS.
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![Correlation between visual field defect and peripapillary vessel density in OSAS. (A--C) show visual field pattern standard deviation (VF PSD) vs vessel density of optic nerve head (VD NH), vessel density of radial peripapillary capillary network (VD RPC) and retinal nerve fiber layers (RNFL); (C and D) show visual field mean deviation (VF MD) vs VDNH and RNFL. ^∗^Correlation is significant at the .05 level (2-tailed). ^∗∗^Correlation is significant at the .01 level (2-tailed).](medi-99-e19468-g006){#F1}

![Correlation between peripapillary vessel density and deep-layer macular vessel density in OSAS. (A and B) show (VD NH) vs macular deep vessel density (MDVD) and ganglion cell complex (GCC); (C and D) show vessel density of radial peripapillary capillary network (VD RPC) vs MDVD and GCC. ^∗^Correlation is significant at the .05 level (2-tailed). ^∗∗^Correlation is significant at the .01 level (2-tailed).](medi-99-e19468-g007){#F2}

4. Discussion
=============

After overnight PSG exam, OSAS can be diagnosed with certainty. For OSAS patients, endothelial dysfunction of systemic circulation may lead to cardiovascular disease.^\[[@R13]\]^ NTG is one of the ocular manifestation of OSAS which causes visual deterioration.^\[[@R6]--[@R8]\]^ Although obesity is one of the characteristics of OSAS, the other predisposing factors of associated ocular manifestation and guidelines for OSAS to evaluate ocular structural and functional changes need to be established.

We first categorized mild (AHI \< 15) and moderate/severe OSAS (AHI ≥ 15) groups, to identify demographic data and ocular manifestation. Similar to prior studies relating to predisposing factors for OSAS, neck circumference with moderate/severe OSAS was significantly larger than that with mild OSAS (Table [1](#T1){ref-type="table"}). A novel finding is that the ocular axial length was significantly shorter in moderate/severe OSAS (Table [2](#T2){ref-type="table"}).

Despite there being no consensus for ocular microcirculation diminished with conventional methods of categorizing OSAS severity by AHI as mild (AHI \< 15), moderate (AHI = 15 to \<30), and severe (AHI ≥ 30),^\[[@R15],[@R18]\]^ we have newly illustrated that moderate/severe OSAS with AHI ≥ 15 has ocular structural and functional changes significantly worse than with mild OSAS at AHI \< 15. For structural changes evaluated via OCTA parameters, the significant decrease of the peripapillary disc VD of the whole-layer (VD NH) instead of superficial-layer (VD RPC) demonstrates that whole retinal layer capillary dropout is related to severity of OSAS. Moreover, visual function change in SAP recorded via MD and PSD was demonstrated to be significantly worse in moderate/severe OSAS (AHI ≥ 15). However, for the VD of the macular area, there was no difference with this method of categorization for OSAS (Table [2](#T2){ref-type="table"}). The difference in microcirculation for the peripapillary and macular areas might imply a greater impact of hypoxia to the peripapillary capillaries supplied from the posterior ciliary artery than to capillaries in the macular area supplied from the central retinal artery. This result also supports the hypothesis of vasculopathy of OSAS leading to NTG. Hence, categorizing OSAS severity via AHI 15 may help to suggest further pre-ophthalmic examination as a guideline for OSAS long-term care.

Secondarily, for all OSAS with normal IOP, we classified participants as perimetric and nonperimetric groups, according to glaucomatous change by SAP. There was no significant difference in systemic disease, DM, hypertension, BMI, or duration of OSAS between groups. Although there was similar BMI, neck circumference was significantly greater in the perimetric group, and it is a risk factor for screening glaucoma in OSAS. Furthermore, both AHI and ODI\'s relation to severity of OSAS was significantly different, illustrating that among the perimetric group, OSAS was more severe than in the control (Table [3](#T3){ref-type="table"}). Recently, Yamada et al have demonstrated that in open angle glaucoma patients with OSAS, there is increased oxidative stress, with higher Diacron-reactive oxygen metabolites and biological antioxidant potential, and steeper MD slope than with non-OSAS.^\[[@R20]\]^

As we know, NTG is related to an unknown mechanism, and glaucomatous optic neuropathy may still progress during treatment. One possible theory for pathogenesis of NTG is perfusion deficit and vascular dysregulation.^\[[@R21],[@R22]\]^ Although there has been no study of tissue biopsies of retinal vessels proving the change in OSAS, Patt et al have illustrated reversible endothelial dysfunction in the systemic microcirculation of OSAS.^\[[@R13]\]^ Our data also supports the idea that OSAS severity relates to hypoxia, and that vascular change may play a role in the mechanism of NTG as an ocular manifestation.

Furthermore, Lin et al have found that the incidence of OSA is also higher in Asian populations, and that RNFL changes have been concluded. There is at present no consensus on the structural and functional correlation of NTG with OSAS, or ways to monitor the changes; appropriate intervention needs further evaluation. There has been no large-scale study, but simultaneous structural and functional evaluation in our study support that the idea that NTG with diminished ocular microcirculation is found in OSAS. In our study, NTG in OSAS was identified with a glaucoma definition, and ocular microcirculation was achieved with aid of OCTA (AngioVue) during the study period. As an important parameter regarding optic disc area microcirculation, the radial peripapillary capillary (RPC) layer is the most superficial layer of capillaries, and the source of nutrition to retinal ganglion cells.^\[[@R23]\]^ Currently, most studies have elucidated superficial VD decrease through AngioVue OCTA measurement in primary open angle glaucoma.^\[[@R24]--[@R26]\]^ Akagi et al have further demonstrated that ocular microvascular reduction is associated with region-specific VF defects in glaucomatous eyes.^\[[@R24]\]^ However, deeper capillary networks have been illustrated to be structurally normal in glaucoma by using Speckle variance OCTA.^\[[@R27]\]^ In contrast to this, in our analysis for NTG in OSAS, participants' measured changes in both superficial and whole-layer capillary dropout of the peripapillary area and macular area were significantly decreased in the perimetric group (Table [4](#T4){ref-type="table"}). This echoes our previous finding that peripapillary whole-layer vascular density VD NH (default set from top of image to RPE) significantly decreases in moderate/severe OSAS; and the results for whole-layer change in the perimetric group illustrate that whole-layer endothelial dysfunction causing vasculopathy plays a role in glaucomatous optic nerve change in OSAS. This is the first study using AngioVue OCTA to demonstrate decreased peripapillary and macular VD in NTG with OSAS.

In addition, we evaluated the relationships between PSG data, OCTA parameters, and visual field defects for the entire participant group. AHI and ODI, related to severity of OSAS by PSG, did not correlate to BMI, neck circumference, VD RPC, VD NH, or VF, in our study (Table [5](#T5){ref-type="table"}). Although the study by Yu^\[[@R15]\]^ illustrated that AHI is negatively correlated with peripapillary VD, clinically we found that AHI and ODI may vary with body weight changes, nasolaryngeal surgery, or CPAP use. With normal IOP status, Shin et al demonstrated that in NTG, although both superficial and deep-layer VD decrease, worse VF MD and RNFL thickness is significantly correlated with superficial VD, as measured in a 6 × 6 mm region disc scan by AngioPlex (Carl ZeissMeditec).^\[[@R28]\]^ For OSAS, we found whole-layer capillary VD to be correlated with visual field defects, presented via both MD and PSD, yet superficial VD only correlated with VF PSD (Table [5](#T5){ref-type="table"}). Additionally, as we mentioned above, comparing mild and moderate/severe OSAS and VD NH showed significant differences; therefore, whole-layer capillary VD measurement may identify the impact rather than superficial-layer capillary VD in OSAS. In addition, the other ocular structural parameters of peripapillary and macular area, including RNFL thickness and GCC thickness, also correlated with peripapillary VD RPC and VD NH (Figs. [1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). This correlation implies that the vasculopathy of OSAS might lead to collateral damage to the superficial to deep ocular microcirculation in the macular area.

There are some limits to our study, including a small sample size, cross-sectionality, and a retrospective nature. Similar to other studies with OCTA, the flow projection artifacts for deep-layer vascular density should be considered in image processing. More exploration of longitudinal studies for the influence of ocular microcirculation after managing OSAS, with or without glaucoma, is necessary for chronic disease. Although the exact mechanism of vascular impact on the optic nerve is unknown, compared to conventional OCT, OCTA can offer more information related to ocular microcirculation for OSAS at different severities. In addition to PSG with oxygen desaturation measurement, simultaneous OCTA helps to evaluate the severity of OSAS in vivo, and to predict visual function through the peripapillary VD.

In conclusion, we have identified that thick neck and high AHI are predisposing factors for NTG within OSAS. Whole-layer vascular change with capillary dropout was found in these cases. The correlation of OCTA parameters with visual field defects shows that OCTA is an option with OSAS to monitor morphological and functional changes in ocular microcirculation.
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